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In models involving new Tey-scale Z' gauge bosons, the new !7(1)' symmetry often 
prevents the generation of Majorana masses needed for a conventional neutrino 
seesaw, leading to three super-weakly interacting "right-handed" neutrinos, the 
Dirac partners of the ordinary neutrinos. These can be produced prior to Big 
Bang Nucleosynthesis (BBN) by the Z' interactions, leading to a faster expansion 
rate and too much "^He. We quantify the constraints on the Z' properties from 
nucleosynthesis for Z' couplings motivated by a class of models parametrized by 
an angle 6e6- The decoupling temperature, which is higher than that of ordinary 
left-handed neutrinos due to the large Z' mass, is calculated, and the equivalent 
number of extra weakly interacting neutrinos, AN,y, is obtained numerically as a 
function of the Z' mass, couplings, and the Z-Z' mixing angle. The abundance 
from BBN gives the most stringent limit on M^' unless Z' coupling to the right- 
handed neutrinos are small. 



1. An £Je-motivated Z' model 

Many models from String theory or GUTs predict additional neutral gauge 
bosons {Z'). Tel^-scale Z' models are particularly interesting since they 
can solve the /i-problem in the Minimal Supersymmetric Standard Model 
(MSSM) in a natural way (by replacing ^iHi ■ H2 with hsSHi ■H2)- The Eq 
group involves two additional U{1) factors when broken to the Standard 



*Talk presented by H-S. Lee at SUSY 2003: Supersymmetry in the Desert, held at the 
University of Arizona, Tucson, AZ, June 5-10, 2003. To appear in the Proceedings. 



2 



Model (SM), 

50(10) X U{1)^ SU{5) X C/(l)x X U{1)^. 

A canonical Eg GUT with a TeF-scale Z' would lead to too rapid proton 
decay mediated by Eg exotics. However, the Eq charge assignments for 
the ordinary and exotic particles provides a simple example of an anomaly- 
free U{iy model which can be consistent with minimal gauge unification, 
and serves as a prototype for (typically more complicated) charges from 
concrete string constructions. 

We assume that only one linear combination of the two extra 11(1)' sym- 
metries survives at the re^-scale. The resultant charge will be a mixture of 
the two U (1)' charges with a mixing angle , Q = Qx cos9Ee +Qip sinOEa ■ 
We assume the gauge coupling constant g'^ ~ \f^9^ ' ^^lich is motivated by 
minimal gauge unification with the MSSM gauge group. Since the right- 
handed neutrino charge is in general non-zero, except for a particular value 
of at which the linear combination vanishes, any Majorana mass for the 
right-handed neutrinos is expected to be no larger than the 11(1)' breaking 
scale (TeV). This is too small for the ordinary seesaw mechanism. We 
simply assume that the neutrinos are Dirac particles with negligibly small 
mass by some mechanism, such as higher-dimensional operators or large 
extra dimension. 

After electroweak and 1/(1)' symmetry breaking, two neutral massive 

gauge bosons, Z and Z', can mix. The limit on this mixing angle is \5\ < 
(2 — 3) X 10~^ from precision experiments, while Mz> > (500 - 800) GeV, 
depending on the model-dependent couplings and number of open decay 
channels. 

2. Superweak right-handed neutrinos and BBN 

To find the constraint on the Z' mass from BBN, we basically follow the 
approach of Steigman, Olive and Schramm In the early universe, r(T) 
(the interaction rate of a particle A) is larger than H{T) (the cosmolog- 
ical expansion rate), but as the universe expanded and cooled, F became 
comparable to H and particle A decoupled at the decoupling temperature 

For the SM neutrinos, T{T) = n (av) w G^T^ with Gw oc Since 

the right-handed neutrinos are coupled only to Z' , which is much heavier 
than Z, wc expect G,<jvi' oc jp- <C Gw- Since r(r) of the right-handed 
neutrinos will be much smaller (super-weakly interacting) than other SM 
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particles, we expect them to decouple much earlier (with higher Td{vR)^ and 
their number densities at the time of BBN will be reduced relative to the 
ordinary active neutrinos by the subsequent reheating of the latter by the 
annihilations of heavy particles and by the effects of the quark-hadron phase 
transition. To determine Td it is necessary to compute the interaction rates, 
expansion rates, and entropy at any given temperature, taking into account 
the number and types (e.g., quarks or hadrons) of particles in equilibrium. 

The interaction rate is computed using the cross-section for vnVn —> fifi 
which is, in the no-mixing and massless particles limit. 



confirming the previous expectation of Gsw k For T less than 

z> 

the quark-hadron transition temperature T^, we replaced the final fermions 
with meson pairs. 

On the other hand, during the radiation dominated epochs, H{T) cx 
y/GNP'y{T)g{T) with photon energy density pj (T) = aT'^ and the effective 
number of degrees of freedom 



The SM prediction for g{T) at BBN (T w 1 MeV) is 43/4 from photons, 

electrons, positrons, and three SM neutrinos. The additional right-handed 
neutrinos' contribution to the expansion rate can be parametrized by the 
effective number AN^ of additional neutrino types, where 



where the 3 is the number of families, g^^ = 2 is the number of degrees 
of freedom, and the {Tvh/TbbnY factor is from the dilution due to the 
reheating of ordinary neutrinos after vr decoupling. In a typical analysis, 
AN^ ^ (0.3 - 1) from the observed ^He abundance (AF ~ O.OISAA/'^), 
which allows up to one additional weakly interacting neutrino species. 
Using entropy conservation in the early universe, one has 



where the vr are not included in the calculation of g. We constrain Td^i'R) 
from the observed limit on AY. Then, using r{Td{iyR)) = H{Td{i'R)), we 
obtain a lower limit on the Z' mass. 
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3. Numerical results and Conclusion 




Figure 1. T^j and AiV^ of the right-handed neutrinos (first two) and the M^' hmit for 
various limits on AA^^ = 0.3, 0.5, 1. No mixing and Tc = 150 MeV is assumed. 

In Figure 1 we show a special case in which there is no mixing between 
Z and Z', and the quark-hadron transition temperature is 150 MeV. (For 
more general cases, see ^.) In the first panel, as we increase the Z' mass from 

0. 5 TeV to 1.5, 2.5, 3.5 TeV, the decouphng temperature of i^r increases, 
as expected. In the second panel, AiV^ decreases because of the increasing 
decoupling temperature. In the last panel we plot the lower bound on Mz' 
for various upper limits on AN,y. 

At the singular point — 0.427r, the C/(l)' charge for the lypi vanishes 
and the vr decouples from the Z' , giving no contribution to AiV^. (A 
possible mechanism for obtaining this value is described in ^.) Except 
around this point, BBN gives a much stronger bound on AIz' than present 
collider limits. (Mostly, Mz'^ multi-Tey.) For higher Tc, the constraint 
is even more severe. (Tc is between 150 and 400 MeV.) 
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